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PENE!2RATIOI!AND DURATION 0??

~UEL SpRAySFRO]iA PU]4pINJECTIONSYSTEM

By A. M, Rothrock and E. T. Marsh .. .
,. ..
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Summary

High-speedmotion pictureqwere taken of individual
fuel sprays from a-pump injectionsystem. The changesin
the spray-tippenetration-withchanges in the pump speed,
injection~valveopening and closingpressures,discharge-

s orificearea, injection-tubolength and diameter,and
pump thrott~$”settingwere measured. The pump was used
with and witnout a chock valve, In addition,the offocts

? of tho variableson the timo lag ‘anddurationof iQj~c-
tion woro dotorminodwith an oscilloscope-Tho.results
show that tho penetrationof the spray tip, tho time lag
of injection,and tho durationof injectioncan bo,con-
trolledby the “dimensionsof tho injectiontube,.the.area
of the dischargeoriftce,and”the injection-val’vo’OpOllillg

azzdclosingpressures. ‘ “.
.... ..

,.. .
,Ilitr.od,ucti.on. ..

..

To determinethe suitabilityof a given type of injec-
tion systemfor higli-’speodcompression-ignitionengines,
it is nocossary to know tbo operatingcharacteristicsof
tho system. One of the most importantcharacteristicsto
bo invostigatodis the formationand tho dovolopmontof
tho fuel spray. Duringtho last fivo years tho Natioxml
Advisory Committeefor Aoro~zuticshas -published,co,nsider-
able informationon the effects of tti.evarious factors
which control the formationnnd the developmentof the fuel
sprr,y, Investigationshnve been conductedwith a mechan-
ic5.llyoperatodinjectionvnlvo and with c.utomaticinjec-
tion yalvos. In those investigationsit was necessaryto
opor,atothe ,Lnjoctionsystemfrom ~.constant-sourc,o.of.
pres’s&oboczuso the purpose of the tests was to,investi-
gate the effects of such vcriable~M tho inj~ctiofiP?es-
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sure, the spray-chamberdensity,atidthe,.dischargeori-
fice design.

With pump injectionsystems,hQwever,the injection
pressure varieswith pump speed and in some cases with the
fuel quantitydelivered. Tests alreadyconducted (refer-
ence 1) havo shownthat tho injectionpressures affect thci
ponotrationof the fuel sprayduring the first few thous-
andths of a second. As this is the time availablefor in-
jection in a high-speedcompressj.on-ignitionengine,it iS
importantto know how the pressure variationsin a pump
injectionsystemwill affect the fue”l-spraypenetration
and dispersion. It is also advantageousto know the ef-
fects of such variablesas the injection-tubelength, tho
injoctlon-tubediameter,the dischargeorificediameter,
and the inj,ection-valveopeningand closingpressureson -—
the penetrationand dispersionof the fuel spray.

—
.-

This reportpresents the results obtaineqfrom an inv-
estigation made at the LangleyMemorialAeronauticalLab-
oratory,LangleyField, Va~, to determinethe effect of

\

pump speed, the ,&imensionsof the injectiontube, the pump
throttlesetting,the dischargeorificodiameter and tho ::
adjustmentof the injectionvalve on the start, duration,
penetration,and dispersionof tho fuel spray. As far as
was practicablethe test conditionswero tho sam m those
used by Rothrockin his investigationof th~ hydraulics
of fuel-pumpinjectionsystems. (Seereference2.) Tho
injectionvalve and the fuel pump wore the same as thoso
describedin reference2. The pump was tested with and
without a checkvalve,

.—

—
—

Apparatusand Methods ..

A diagrammaticarrangementof the ayparatusused in
this investigationis shown in Figure 1.

.—
This apparatus

is a modific:~tionof tho N.A.C.A. sprayphotographic
equipment (reference3) used in takinghigh-swed motion
pictures of a sir.glespray dischargefrom a common-rail
system; Two modificationshave boon made:

.
a changofrom 4

the common-railsystem to tho pump sYStemof injection
and a change in the spray chamberSQ.that continuousin- —
jectionsfrom a fuel pump into.thec~mpressedair would

5

not fog the chamberand preventphotographsfrom being
=

teken of a single spray.
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In the modified spz*aychamber (fig,3) a funnelwas
arrangedin front of the nozzle to deflect the spraysinto
a reservoir. Releasingthe funnel catch allowed the fua-
nel to drop below the nozzle and permitted tho spray to
enter t-hespray chamber. With the proper timing the fun-
nel uncovered the valv”onozzlo botwoenpump dischargesso
that thoro was no interforencobetween the spray and tho
funnel.

The pump testedwas a six-cylindercommercialfuel
pump. A cross section throughone of the cylindersof the
pump [fig.2) shows its construction. The outletsfrom
five of the pump plungers were by-passedto the oil reser-
po~r and t~aesixthwas connectedto the injection~alve
with a seamlesssteel tube having an outside diameterap-
proximatelytwico the insido diameter.

The injectionpump was rotatod by a variable-speed
electricmotor“andwas connectodto tho camshaftthrough a
jaw cl~ztch.The camshaftremained stationaryuntil en-
gaged by this clutch. It then mad-eone revolutionwith
the pump shhft. During this revolutionof the camshaft,
the funnel catchwas released;the rotary switch completed
the electric circuitbetween the condensersand tho spark
gap. The rotary switch and the pump wore timed with the
serratedcoupling so that the spray was synchronizedwith
the dischargesof the condensers. The injection-valve
closingpressure instead of openingpressurewas measured
because of the greater accuracyof this measurement. (See
reference2.) The injection-valveopeningpressurewas
approximately1.4 times the closingpressure.

The fuel oil used.had a specificgravity of 0.8!3and
an absoluteviscosityof 0.022 poise at 100° F.

Unless othorwisestated,all tests wero made with a
0.020-inchdiameterorifice and a 34-inch injectiontube.
‘i?hedischargoorifice length-diamotorratio was 6:1 in
all tests.

The procedurefor taking a sprayphotographwas the
& same for all tests. The pumpwas broughtup to the de-

sired speed and the throttle’opened for a few revolutions
to expel all air from the injectionline. Air was then

d blown through the spray chamberto clear the glass walls
and to remove suspendedoil particles. Tileair pressure,
with the exceptionof one test, was raised to 200 pounds
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per square inch, a density of 1.1 p’ounds‘percubic foot,
which is equivalentto tunedensity in the combustioncham-
b6r of an engine operatingat a compressionratio of 14:1,
and the funnelwas raised and latched in position. When
the desired film-drumspeedwas reachedthe pump.throttl~
was again oponod,and after sovoralrevolutionsof the
pump the clutchwas engaged. A progl*ossivoseries of pho-
tographswas thus recordedof the spray development. From
thoso records the spray-tipponotrationcurveswero ob-
tained.

—

Stem-1iftrecords of the injection-valvestem were
also taken in a few cases to determinethe movemetitof the —
valve stem under the pressure conditionsin the injection
valve~ The method was the same as descri%edin reference2.

An oscilloscope(reference4) was used to determine
the start and duration of the spray when injectedinto the .
atmosphere. The curve of the pump cam and the point at
which thb pump by-passport closed-forthe start of injec-

—

tion havo been given in reference2. This point, 132° of -
pump-cam travel,was used as a referencefor plottingthe
oscilloscopedata in pump degrees.. .

Test Results and Discussion

Sp r ay- t i p Pe n e t r at i o n

The resultsof the tests are shown by graphs on which
the -penetrationof the fuel spray-tipin the spraY cham-
ber is plotted against time. Tangentsto these curvesin-
dicate the rate of penetrationof the spray tip. A sepa-
r~te curve is plotted f-oreach variable and the effect of
the variableon spray-tippenetrationis noted.. Each
curve is plotted from two or three testsunder the same
conditions. Additionalcheckswere mado when large varia-
tions appeared. Zero time on tho graphs refers to tho
start of the sprayfrom tho orifice.

—

Effect of-pump si3eed.-In reference2 it was shown —

that varying the pump speed added to the initialpressure,
4

approximatelythe valve-closingpressuresin the Injection
tube instantaneousvalues of pressureproportionalto the b
velocityof the pump.~lungoro As the initialpressurewas
increasedthe ratio of the pressurescreatedby tho motion
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of the pump plunger to the total pressure at any instant
decreased. lt has also been shown in references1 and 5
that bo%li”~he“maximuminjectionpressures and the inj.ec-
ti~n-valveopeningpressure affect the spray-tipvelocity.
Howev@r,”as th~ rate-of-pressurerise, after the injection
valve op.ens~-decre”asesor as the ratio of the maximumpres-
sure to the injection-valveopeningpressure decreasesit
can le expe”~t~d’that the effect of the injection-valve
.openi@g.pr66sureon”the “spray-tippon6trationwill in-
crease and the effect of“themaximum pressurewill do-
.croasb. T!bcan thereforeQxpoct that, i~ general, as the
injection-v.alvooponingpressuro is increasedthe offoc”t
of pimp speed on spray-tipponotrationwill decroaso.

In reference2 it has also been shownthat as the pump
speed is decreaseda speed is reached below wlzichthe pres-
sure waves originatingat the fuel pump ,arenot.sufficient
to hold t~o injection-valvestem from the seat. This value
of speed depends on the injection-pumpplunger diameter,
the pump-cam contour,the injection-tubediameter,the in-
itial pressure in the injectiontube, the injection-valve
opening and closingpressures,and the pressure into which
the dischargetsXes place. It is, within pr~c;ical l.irn-
its, independentof the injection-tulelength. For speeds
below this value the injection-valve”.st~mwill tend to os-
ci~~ate,therebyopening and closing the injectionvalve.
The phenomenonis sometimesaccompaniedby a.chattering
of the injection-valvestem against its sdat during the in-
jectionperiod. When this phenomenonoccurs the fuel dis-
charge insto”adof consistingof a single spraywill con-
sist of two or more i~dividualspraysfollowing.oachother,
gonorallyin quick succession. Under certain circumstances
the ste”mmay not lift sufficientlyto expose a floW area
greater th~, the dischargeorifice area. In this caso the
st~m and seat togothoract as a variablo-areaorifico.

‘~ to”rostrictionto flow the spray will not havo tho
penetratinga%ilitypossiblewore the stem fully lifted.

The effect of pump speed on the spray-tippenetra-
tion at an injection-valveclosingpressure of 2,000
pounds per squareinch is shown in Zigure 4. In no case
was there evidenceOf primary sprays befo”rethe main
spray at pump speeds abovo ’760r.p.mo The”variationin
maximumpressures and in the rate-of-pressurerise was
sufficientto cause tho spray-tipponotrationto increase
with pUmp spood.

,. , .-:,. . ,.
● “, -, ,’
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l?iguro5 shows t-ho.off.oct,,of low pump spoods on tho
spray-tipponotrationa,tgm injection-walvoclosingpros-
suro“of2$500 pounds por squareinch, Tho figuro shows
“thatat tho two Iowor spoodspri~ary spraysappoarodbo-
foro the main spray. Thosoprimary spra~swero causedby
the seating of tho.Injoctton-valve,stom..aftortho initial
oponfng. Afto.rtho s.ocondlifting.of tliostem tho pres-
surewas sufficientto koop tho injection-valvostbm off
itsseat. If tho main spraysat *ho two lowor speedsare
comparedwith those at the higher s~eeds (fig.5-B) it’ls
seen that the penetrationof the main spray is not apprec-
iably ~mfected%y the pump speed, It may he concluded
that in this case the injection-valveclosingpressurewas
stifficientlyhigh so that the effect of the,rate-of-pres-
sure rise and maximumpressuroqhad no approciabloeffect
on t-hQ spray-tippenetrationof the main sprays.

At low pump speeds and with an injection-valveclos-
ing prossuro of 500 pounds per squar”oinch, tho rate-of-
pros”suroris-oand tilemaximumprossurosmateriallyinflu-
oncod the ponotration(fig.6). At the two lower speeds
primary spraysoccurred.

Fikure 7 shows a.sprayphotographand stem-liftrec-
ord taken at a pump speed of 190 r.p.u, with atmospheric
pressure in.the spray chamber. The smalllines at the
top of the stem-liftrecordwere causedby a spark gap
placed in serieswith the main gap for taking the photo-
graphs. Consequently,each line correspondsto a spray
photograph. Because the stem record extendedfor moro
than a singlerevolutionof the film drum tho sprayphoto-
graphs and tho stem record aro not .synchronizod.Tho in-
joction-valvos.tomoscillatoti,thus opening and closing
the injectionvalve and causinga“seriosof sprays. The
bouncingof tho stem was oliminatodwhon,tho chamberpres-
sure was increasedto 200 pounds per squareinch, because
of the additionalforce on the stem. However,when the
pump speed wasdecreased to 108 r~p.m. (fig.8) the 3ounc-
ing 0$ the stem during the whole injectionperiod again
occurredt-boughthe chamberpressureWas .200p“oundsPor
squaroinch. Comparisonof Figures 7 and 8 shows that in
the former tho stem,liftand consoquontlythe prossuros
wore higher than in tho latter.i

Effect of Injection-valveclosingpressu~.- I’igure
!3shows the effectof the injection-valveclosingpres-
~-~~reon the pen~tration of the tip of the main sprayfOr
a p.wp speed of 470 r.p.m. The records showod that thero.

-.

.

\

—

—

.—

.—

.

.
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were‘primarysprayswith injection-valveclosingpressures,
of 1,’500pounds per squareinch or fireater...Thefigure
shows that the penetrationof the main spray increasesas
the injection-valveclosipgpressure was increaseduntil
a value of 1,500pounds per square inch is roached. I’or
this prossuro the spray-tippenetrationdecroasod. As tho
injection-valveclosingpressure was further increasedtho
penetrationagain incroasod. The decroaso,in tho ponbtra-
tion at the injection-valvoclosingpressure of 1,500
pounds por squaroinch was probably causedby tho injoc-
tio~-valvestem throttlingthe flow of fuel past.t.hevalve
seat. Above this injection-valveclosingpressure, al-
though throttlingstill occurredas has been s.hewn’inref-
erence 2,‘thepressure at the start of injectionwas auf-
ficient to give the spray the increasedpenetration.;..

Tfiopenetrationof both the primary,and main sprays
: fourthe injection-valveclosingpressures of.1,500and
2,000 pounds per square inch is shown in Figure 10. It i.S
seen that the.primaryspray as well as the main spray
penetratedat a faster rate as the injection-valveclosing
pressurewas increased.

Figure”ll shows the effect of the injection-valve
closingpressure on the spray-tippenetrationfor a pump
speed of 760”r.porn.No primary spray$wore observedat
this speed-=IIowevor,as was the“case,with470”r.p.m.s a
minimumporiotrationoccurredat a particularinjecti.on-
valve closingpro’s-dure,2“,000pounds per square inch.

,-.
At low injection-valveclo8ingpre$sure-sand a pump

speed of 7“60r~p~m~~ it was shown in reference2 that the
pressure-wavephenomenon caused secondarydischarge”.af.t.er
cut-offoccurredat the fuel pump, Secondarydischarges
did not occur with the higher injection-valveclosing
prcssuros. The photographsshowed thoso secondary,dis-
chargeswith t-helow v“alveclosingpressures,but bocauso
of tho fogging of the .cham’berthe ~ho.tographsmere not
clear enough to roproduco“ona half-toneprint.

Effect of in.lection-tubediameter.-As shown in ref-
. erence 2, it is advisableto use .aninjection-tubediam-

eter equalto or slightlygreater than the criticaltube
diameter so that the flow through the injection”tube will
be laminar with a rosultaritsmall preesure loss causedby
friction. -F”iguro12-A shows that the penetrationat a
pump speed of 760 r.p,n. was neanly.thesame for ,alliq-
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,jection-tubediameterseven when diametersconsiderable
less than the criticaldiameter (0.098in.) were employed.
For the conditionsshown in Figure 12-A it may be con-
cluded that the injection-valveopeningand closingpres-
stirecontrolledthe spray-tippenetration.

For the pump speed of 470 r,p.m. (fig.12-3) the
smallertube gave the lower spray-tippenetration. As the
test conditionscausedprimary starts at the beginningof

—

the sprtiy(fig.10) the drop in rato of penetrationwas
probably due to their formation.

To illustratethe influenceof-theseprimary sprays
in this instance,a comparisonof Yiguro 10 with Figuro
12-B shows that the primary sprayponotrationfor the
0.O’76-inchtube falls below the”curve for the primariesof
the 0.041- and 0.059-inchdiamete”rtubes,indicatinglow-
er penetrationfor the 0.076-’inchtube. However, the main .
sprayfor the 0.076-inchtub”eshows greaterpenetrations
The sprayphotographsfor the.0.041& and 0.059#nch diam-
-e.tertubes showprimariesbut the main sprays are not \
clear enough to be measureddirectly. ldeasurementof the
clearestmain spray (0.059-inchtube) shows the main spray
penetrationto be the same as that for the 0.076-inchtube.

The increasein penetrationfor the 0.125-inchtube
(47or.p.m.) is due to laminarflow which exists in the
tube. As shownin reference2, turbtilentflow in a tube
results in.frictionand pressure losseswhich give a low
initial stem lift and a slow rise in pressure at the in-
jectionvalve. Both conditionsaid the’formationof pri-
mary sprays~ With laminar flow these conditionsare lack-
ing and a fastorrate-of-pressurerise resultswhich in-
creasesthe penetration.

Effect of inflection-tubeIengm.- Figure 13 shows the
effect of the injection-tubelength on the spray-tippen-
etrations The results show that therewas little varia-
tion in the spray-tippenetrationfor tufielengths hetwoen
34 and 70 inches. Because of the limitationsof tho appa-
ratus it was not possiblo to test injection-tubolengths
of less than 34 inches. Howevor,it Was shown in rofer-
cncc 2 that the instantaneouspressures showodlittlevaria-
tion with injection-tubolengths of from 4 to 34 inc”aos.
Consoqnen%lyit nay bo assumedthat the injection-tubo
length doos not havo an approciablooffoct on tho penotra-
ti.ono&the fuel spray.

“

—

.
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Effect of pumn-throttlesetting.riIncrease in’the.—.—.---.—
pump-throttlesetting (fig,14) gave decreasedpenetration.
The injectionperiods for’low throttle s’ettingsiwere short
but the spray reached the maximum penetrationthat could
be measuredbefore cut-off occurred. Tho effect of tho
initialpressure rise with early cut-off should havo a do-
torminingeffect on the action of the spray. From stom-
lift records (reforenco2, fig. 1’7)tho pr6ssure.risoas
tho valve stem is first lifting is moro rapid at the lowor
throttlosetting. The higher initialvolociiy of tho
spray gives, therefore,an increasedrate of penetration
for the lower throttle settings.

Effect of check valve in pump.- With no check valve——
in the pump therewa=a slight increasein the rate of pen-
etrationover that obtainedby using a ch”eckvalve, as is
shownby Figure 15. The resultswithout the check valve
were erratic. In reference2, Figure 19, tho stmw=lift
curveobtainod without a chock valvo in the pump SY.OWSa
faster rato of stem lift than with a chock valve, indicati-
ng a greaterpressure rise and greater initial spray-
tip velocity than that obtainedwith a check valve in tile
pump, but the injectionperiod was matel*iallydecreasedti
However,later resultshave shown that rem~ving the check
valve also decreasesthe total fuel quantitydischarged.

With no check valve between the pump and the injec-
tion tutie’,the tube often became air-lockodcausinga
pulsating flow in the injectiontube, hut no injection.
Tho air lock was probably causbd”by air leakage from tho
spray chamberpast the injectionvalvo seat. This air
lock persisted ovon aftar the injection-valve“closing
prossuro had been raised to 4,500 pounds por squaroinoh.
The othor five plungers would dischargeregularly into
‘theoil reservoir. With the check valve in the pump, any
air in the line was forced out during the first few revo-
lutions.

-
Effect of trpennozzl~.-.T.heopen nozzle used in these

tests was fitted with a ball-checkvalve close to the noz-
zle to prevent leakage of air into the injectionline, as
recommendedin reference7. With the check valve in the
pump a marked increase in the rate of penetrationwas
n-otedat 760 r,p.m. (fig.16) over that obtainedwithout
tae c,he,ckvalve. The tncreaseat 470 r.p~m~ was not so
noticeable. The increasein rate of penetrationwas due ,

t
t~ the fact that the closing of the check valve trapped
an initialpressure in the injectionline equal to the

.
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spray-c-hamberpressure. This initialpressure aided in
buildinguphighetipressuresin the injectiontube. l?ur-
thermore,the check”valvelessenedthe probabilityof the
formationof an air podket in the injectionline.

The penetrationobtainedwith the open nozzle with
and witiloutthe chack”valvoat the pump was less than that
obtainodwit’ntho closod nozzlounder the samo conditions.

Effect of orificediamet’er.-Figure 17 shows the re-—-
sults oltainedwith a 0.030-inchdiameterorifice at pump
speedsof 470 and 760 rop~m. “Thesecurves show a lower -
rate of penetrationthan tke correspondingseriesfor the
0.020-inchorifico (fig.15-3) and the photographicrQc-
ord shows a decreasedinjectionperiod.

Values for the instantaneouspressures (fig.18) at
tho orifice,computodby tho method prosentodin roforonce
2, show that with tho 0.020-inchorificotho instantane-
ous pressuresworo much higher than with tho 0.030-inch
orifico. Those higher pressuresre~ultediu a higher rate
of penetrationfor the smallerorifice.

Time-Lagand Durationof Injection

Curveswere plotted from the oscilloscopedat”ato
show the following: the start cf injection,i.e., the ap-
pearance of the iirst faint,spray; the beginni~gof the
main spray; the stop of the main spray; an? the stop of
injection.

The point at which tho pump inletport closod is in-
dies.todon all tho graphs at 132° of p~p travOl. Tho
maia spray in no caso startedb~low this position. When
injectionstartedbelow this position i? ‘wascaused by the
fact that thi wave originatingat the pump-plunger was not
entirelydissipatedthroughthe by-passvalve. Thisphe-
nomenoilof injectionstartingbefore the by-pass valve
closeshas also betinobservedirithe N.A.C.A, sit@e-cyl-
inderpumps. It can bo eliminatedby enlargingthe by-
2ass area.

Ifithe figures tho solidcurves roprosonttho start
and stop of injectionand .thobroken curves ropresgnttho
start and stop of the main spray,.In some cases where
thtistart of tho main spraywas irregulartho points aro

-..

--

-.

.

b

.
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~as,nat be’endrawn through

Effect of_~ugp~speed.- Injectioq,lagin pump degrees
decreasedwith increasein pup speed (fi’g.19) and with
dec”reasein the injection-valve’closingpressure. (See
figs. 19 and 21.) The injectionperiod in degrees in-
creasedfor increasein ‘pumpspeed and for decreasedvalve
closingpressure.

..,,.
The injectionlag in seco”ndsdecre~%’edwith ihcreased

pump speed and with decreasedvalve-closing’presswr.e..
(Seefig. 20.) The lag increasedvery rapidly as the pump
speedwas dropped%elow 400 r.p,m. for both high’and low
valve closingpressures because o-fthe low intensityof
t~o initialpressurewaves originatingat the pump. Above
4’00r..p.m.the injectionlag tended to become independent
of tQe vump speed.

. .
. .

The duration of the injectionafter‘thoby-passvalve
oponed increasedfor decr”eadedvalveopafi’ingpressure,
I?igure20 shows tht durationof injec~i”bn.afterthe by-
pass valve openedrqmained at approx~~ately0.003 second
for the high valve closingpressure and for pump speeds
above 250 r.p.m~ For the low valve,qlosingpressure the
durationof injecttonafter cut-off tncrea”se~with in-
creasedspeed from 6.003”secondat 250 r.p.mt‘t-o0.0056
second at 750 r.p~m. “The increasedintensityof the pres-
sure waves of the higher pump speedshad more effect on
the duration of in.je.c,tionat the lower.valveopeningpres-. .
sures.~ ,..-, .,,,-

The injectionperiod in sqconds’decreasedvery slow-
ly with increasedspeed abovo 400 r.ptim. Below 400 r.p.?n.
the injectionperiod increasedrapidly with.decreased
speed, the injectionperiod at 250 r.p.m. and 15’0r.p.m.
being two and three times, respectively,the injection
period at 750 r.p~rn..The total injectionperiod was
“s”horterfor the higher valve closingpressure. This re-
sult is in accordwith the resultspresented in reference
2*

..

li!ffectof injec~ion-valveclosin~pressure.-The
valve closipgpressure (fig.21~-s’newsa constant initial
injection startup to”a val+e ciosin”gpressure of 1,200
pounds yer square~~ch. .Anincrease in the valve closing
pressure.Rbove this yalue gave:a 5° later in,j~c~ionstart
which remained constantfor the valPe closingpressures
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between 1,600 and 2,700 pounds per squareinch, This in-
crease in the lag of 50 is equivalentto-0.00011 secondor

—

the time requiredby a pressur+wave to twice traverse
t-heinjection~tube.‘ (Seereferenc62.) It may be con-
cluded that the initialwave was sufficientto open the
‘injectionv~lve with injection-valveclosingpressuresup
to 1,200 pounds per squareinch but that.for pressures
above 1,600 pounds per squareinch ~t was fiecessary.for

---

the initialwave to be reinforcedby a reflectedwave.
—

Tho irrogularitios.in the startof tho main spraywore ac-
corn~anioiiby ir~ogularitiesin the cut-offand the disap-
pearance of:th-ospray.

Effect of injection~tube”diameter.-The injectionlag
“decre&sedas the injection-tubediameterwas increasedup
to 0.080 inch. (Seefig. 22.) Further increasein.the
tube diametercaused the lag to increase. Reference2,
Figure 29, shows that the criticaltube diameterfor both .
450 and 750 r.p.m, is approximately0.098 inch,” Below
this value the increasein injectionlag is caused by the
increasedresistanceto.flow. Above the criticalvalue, .

increasein injectionlag is caused by the docreasoin the —
intensityof the initialpressurewave. For ad.ifferent
spood.from those trioda a minimum shouldbe,expectedat a
point corresponding.totho criticaltube’diarnoterfor,that
particular spood. It is particularlyinter.es,$ingto noto
that increasingthe injection-tubediameter‘decreasesthe
time lag of the cut-off of the fuel spray aftor cut-off
at the..pump.

gffect of injection-tube~e~gth.-The injectionlag———.
and injectionperiod,didnot vary with the tube lengths
of 34 and 74 inches.,It is difficult“toexplainwhy the
74-inchtube did not show a greater-”-lagthan that observed
wi,tilt’he34-inchtube. The apparentdiscrepancyis un-

—

doubtedlycausedby the size and shape of the by-passpas- -.

sagesin the pump.

E~fect of pumn-t.hrottle’setting.-Except at very low
throttlesettingsthere was no variationin injectionlag
with throttle setting. (Seefig. 23.) The sharp incr’ease
in the injectionlag between1/2 and 1/4 throttle setting +
was caused by t-hevariation“inthe size and shape of the
pump plunger passagefor the by-passedfuel.

:
.

Effect of check valve in nu.ps,- The effect of the
c-hockvalvo at the pump on fnjectionlag and injection

, 1
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period was quite noticeable.’ Table i shows that the in-
jection lag increasedon removal of the check valve.
This was due to the fact that no initialpr’essurewas
trappedin the injectiontube to aid in the buildingup
of pressure as has been e=plainedin reference2.

The durationof injectionafter cut-off at the pump
.

also decreasedwhen the checkvalve was removed because
at cut-off the pressure in the injectiontube droppedvery
quickly to the pressure in the suctionchamber, With no
check valve t-heinjectionlag did not decreasewith in-
creased speed,although the injectionperiod was longer
with a higher speed.

Tablo I

Effect of check valve on duration of injection

Injection-tubelength - 34 inches
. . . . ,
~njection-=tubeinside diameter - 0.125 inch

● ,,.

Pure-pspeed- 750 r-.’m.m.

liYithcheckvalve lYithout check valve

Stop of main spray 172°
I

1730

Stop of injection I 1’790 I 1770
— 1 — t. . —. —-

.,.

E~fect.of open nozzle.-The injectionlag for the
open nozzle decreasedwith increasedpump spe.o.dand the
injectionperiod increased.,(See Table IL)”.4stho injec-
tion-valveclosingpressure of a closed nozzle is-reduced
the characteristics;ofthe closed nozzle a~proach those,
of the open nozile. !?-nq~eforet-heopen nozzle‘dataare
comparableto those obtainedwith.the”closed UOZZ16 with
a valve closingpressure of 5.00pour.@_3por squarf3inch.

‘“Theo~en”’nozzlesh~~~ a nrIIChIonger.:injc’ctionperio”dthan
the close”dnozzle at a valve closingpressure of 500
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pounds per squareinch. The shorterinjectionperiodof”
the clo’sed”nozzle is due t“o.theearlier seatingof the

L._

valve.stem after cut-off. “
.

Table 11

Comp~risonof durationof injection
with open and with”closednozzle

Injection-tubelengt,h- 34 inches

Injoctton-tubeinside diameter- 0.125 inch

.

.

4’70”r.p.m. 750 r,p.m! ’750r.p.m.!
Start of injection “ 12’7° 126° 125°

Start of main spray 1340” I 132° I 132°

Stop of main spray I 176° I 184° I 177°

Stop of injection I 1900 I 217° I 189°

Conclusions

The test resultspresented show that fuel-injection
pumps designedfor high-speedcompression-ignitionen-
gineshave satisfactoryoperatingcharacteristicsover the
speedrange whida is encounteredunder load in ordinary

.

practice. .4tlow speeds, such as aro usbd for starting
and idling, the fuel in~ectiontakes place as a soriosof
sprays,because tho fuel pressures originatingat tho pump

.

are not sufficientto maintainhigh injectionpressuresat
the dis,chargoorificeof the injectionvalve. Thorosults
also &hotv.that the fuel-spraycharacteristics“imdtho dura-

.

tion And start of injectionare affectod,bytho injoction-
-.

tubo diameter,the injection-valvoopeningand closing

n R —
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pressures,the dischrage-’orificearea, the pump throttle
setting,and checkvalves placed in the system.

The partictilarconclusionsare: . .
. .

1. Increasing’the injection~~alveopening and closing
pressure increasesthe.spray-tippenetration,decreases
the duration of the inject”i”on,and increasesthe tendency
for primary sprays.to appear before the start of injection.

,,
2. Increasingthe p~p speed increasesthe spray-tip

penetrationwith low’lrrjection-valveopon~ng and closing.
pressures,but has l.it”tloeffect on the penetrationfor
high injection-valv”eopeni”ngand closingpressures;de-
creases the injectionlag; increasesthe duration of tho
injectionin py-gpdegrees;and docreasosthe tendencyfor
primary disc,~ti’~eto occur. u

., ..”
3. Increasingtho i.njoction-tubodiameterfrom a val-

uo below the criticaldiameterto a value equal to the
criticaldiameterdecreasesthe time lag of.injectionand
the duration of inje”c~ion.Increasing‘the”injection-tu’be
diameterfrom a value equal to the criticaldiameter to a
value greater than the’criticaltube-diame%or5ncroasos
the time lag of injectionand decreasesthe durati~nof
injection. ,.

.
4. Increasingthe injection-tubodiameterdocroasos

the tiuo lag between cut-offat tho fuel pump and cut-off
of the fuel spray. :., ,,

. .

Langley MemorialAeronauticalLaboratory,
NationalAdvisory Committeefor Aeronautics,

Langleyl?idld,Vs., August 24, 1931.

.

.
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